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ModellingThe complex architecture of open cell foams has most often been described by Kelvin cell models. It has
been shown that the accuracy to predict the elastic properties of open cell foams increases with an
increasing level of detail and resemblance to real foam microstructures. However, the Kelvin cell does
not possess pentagonal faces which are the most abundant within real open cell foams. Therefore this
study focuses on the use of the Weaire–Phelan unit cell to model the elastic properties of an open cell
polyurethane foam. Optical and scanning electron microscopy were used to characterise the architecture
of the open cell foam. Surface Evolver software was used to minimize the surface energy and introduce
the typical architectural characteristics of the open cell foam to the FE-model. The E-modulus and Poisson
coefﬁcient of the Kelvin and Weaire–Phelan cell show a similar behaviour as a function of density. The
Weaire–Phelan cell predicts however a higher dependency of the shear modulus on the density. When
the inﬂuence of the elongation of the cells in the rise direction of the foam and the uncertainty of the solid
material properties of the polyurethane is taken into account, a good accuracy of the Kelvin cell and
Weaire–Phelan structure based FE-models versus experimental compression tests is found.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Cellular materials combine the solid material properties with a
cellular morphology to obtain a material with a high property to
weight ratio. This method to increase material efﬁciency is used
in various natural materials: wood, cancellous bone, sponges, coral,
etc. Due to their interesting properties, cellular materials became
increasingly popular during the last 50 years (Gibson and Ashby
1988; Randall and Lee, 2002) and a large variety of manmade syn-
thetic foams nowadays exists. These foams are used as shock
absorbers in helmets or packaging applications, thermal insulating
panels in housing and core material in composite sandwich panels.
They can be made out of ceramics, metals or polymers (Mills, 2007;
Roberts and Garboczi, 2000).
As a consequence, a lot of research has been performed on
different types of cellular materials in the past two decades. Espe-
cially the need for valuable models to calculate foam properties
opened a new area of research, ranging from 2D regular
honeycomb structures to 3D random foam models.A classical approach is to correlate the relative density to the
density of the foam (Gent and Thomas, 1959, 1963; Gibson and
Ashby 1988). This has led to different power law models of which
the Gibson and Ashby model is the best-known. It is important to
note that the applicability of this model is restricted to the low
density region (up to 8% relative density).
Eq. (1) gives a general formulation of a power law model, in
which E and q represent the stiffness and density. The superscript
‘⁄’ indicates the foam properties while the subscript ‘s’ indicates a
property of the solid material:E
Es
¼ C q

qs
 n
ð1ÞIn case the Gibson and Ashby model is considered, the value of C is
assumed to be 1. This model simpliﬁes the cellular architecture to a
cubic lattice and takes only the bending of the cell edges into
account. This single deformation mechanism appoints a value of
two to the exponent n of the power law model. Although the model
is based on the deformation of a simple cubic structure, which is not
representative of a real foam structure, the Gibson and Ashby model
is very often used because of its simplicity.
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represent foam structures. This geometry consists out of six square
and eight hexagonal faces (Fig. 1) and is capable to partition space
into identical equal-volume units with minimal surface energy.
Moreover, this structure obeys the laws of Plateau (1873) in the
dry foam limit. Although the laws of Plateau do not apply to wet
foam structures, like the open cell foams considered in the current
research, they imply a cell edge connectivity of four, which
remains valid for wet foams. This connectivity requirement is
fulﬁlled for Kelvin cell and Weaire–Phelan structures.
The elastic properties of the regular Kelvin cell at low and high
compressive strains were modelled, using the beam theory, by Zhu
et al. (1997a,b) and Warren and Kraynik (1997). Multiple studies
on the inﬂuence of different imperfections, such as wavy imperfec-
tions in the cell walls (Grenestedt, 1998), the distribution of the
solid material between cell edge and wall (Simone and Gibson,
1998b), the effects of cell face curvature and corrugations
(Simone and Gibson, 1998a), cell shape variation (Grenestedt and
Tanaka, 1999) and cell wall thickness variation (Grenestedt and
Bassinet, 2000) conclude that the curvature and corrugations of
the cell walls have the largest inﬂuence on the stiffness response.
The study of Grenestedt (2005) indicated that there is no interac-
tion between the different imperfections and their effect is simply
additive.
Recent studies made use of the increasing computer power to
build FE-models with improving resemblance to real open cell
foams. Kelvin cell based FE-models with circular, triangular and
Plateau border cross sectional shapes of the cell edges were devel-
oped by Gong et al. (2005) and Jang et al. (2008). These studies
showed that it is necessary to incorporate the geometrical details
of foams into the models, in order to obtain valuable results.
Mills (2007a,b) included a surface energy minimisation step using
the Surface Evolver software (Brakke, 1992) to analyse the high
strain mechanical response of open cell foams. Random 3D cellular
structures were ﬁrst build by Roberts and Garboczi (2001, 2002),
although the resemblance to real foam structures was sometimes
a long way off. Zhu and Windle (2002) investigated the inﬂuence
of cell irregularity by modelling open-cell foams with random
Voroni structures based on shear-deformable beams. This study
indicated that random structures possess a stiffer response
compared to ordered structures. The random monodisperse foam
FE-model created with the Surface Evolver software by Jang et al.
(2008) possesses a remarkable resemblance to real open cell
foams. The stiffness results of this random foam model, build out
of 3D elements, are 5% to 10% higher than the results of a Kelvin
cell representative volume element in which the Plateau borderFig. 1. Two Kelvin cells (left) and the Weaire–Phelan structure (right) consisting out
wireframe indicates the bounding box used as boundaries of the FE-unit cell models.
interpretation of the references to colour in this ﬁgure legend, the reader is referred toshape of the edges, the varying cross sectional area of the edges
along their length and the extra material volume in the vertices
are taken into account. The beneﬁt of the latter is the much lower
need for computational power. The most recent modelling of cellu-
lar materials is done based on X-ray computed tomography, which
is off course the most demanding technique with regard to equip-
ment (CT scan with high resolution, <5 lm) and computational
power and time (van Lenthe and Müller, 2008; Wismans et al.
2009, 2010).
Although Kelvin cell models proved to be very efﬁcient and use-
ful to model the mechanical response of cellular materials, the
geometry of the Kelvin cell does not comply with a real foam topol-
ogy. Indeed, the most abundant type of cell face, namely a penta-
gon, is not present within the Kelvin cell. Moreover during their
studies on the shapes of foam bubbles, Matzke (1946) or Matzke
and Nestler (1946) or Gong et al. (2005) did not encounter a single
Kelvin cell type foam bubble.
In order to meet the demand for pentagonal faces in the
representative volume element, this study focuses on the
Weaire–Phelan geometry, which possesses a slightly lower surface
energy than the Kelvin cell and partitions space by means of two
polyhedral volumes of which one is a irregular dodecahedron with
twelve pentagonal faces and one is a tetrakaidecahedron with two
hexagonal and twelve pentagonal faces, Fig. 1. Within this study,
the elastic properties of open cell foams will be modelled by means
of a Kelvin and a Weaire–Phelan cell FE-model with minimised
surface energy. The results will be compared to literature and
experimental data.2. Morphology of polyurethane foams
The material investigated in this study is an open cell polyure-
thane foam produced by the company Recticel in Wetteren,
Belgium. The open cell foam is produced by reticulation of a closed
cell slabstock foam. In this process a foam block is placed inside a
closed pressure vessel which is ﬁlled with a H2 and O2 gas mixture.
A spark is used to ignite the gas mixture and melt the cell walls.
In this way the closed cell foam is transformed into an open cell
foam.
Two foam types with different cell size were selected from the
Bulpren™ product range. The cell size and foam density are shown
in Table 1. The cell size was determined on 10 independent sam-
ples by ﬁtting a circle through the outer edges of 5 pentagonal
faces surrounding a central pentagonal face, Fig. 2. This method
is a standard procedure at Recticel to measure the cell size in theof irregular dodecahedrons in yellow and tetrekaidecahedra in grey. The cubical
Both images were generated with Surface Evolver software (Brakke, 1992). (For
the web version of this article.)
Table 1
Experimental properties of the open cell PU foam. Average values from 10
independent measurements with standard deviation between brackets.
Foam
type
Cell size (lm) k (–) q⁄/qs (%) Erise
(MPa)
ry (kPa)
S28089 885 (54) – 2.15
(0.03)
0.18 6.5
S28280 2621 (156) 1.41
(0.11)
1.98
(0.01)
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Fig. 3. Shape anisotropy of 10 single polyurethane foam cells. Each cell was
measured 4 times, with a rotation around the elongated axis in between each
measurement.
B. Buffel et al. / International Journal of Solids and Structures 51 (2014) 3461–3470 3463plane perpendicular to the rise direction. The relative density, q⁄/qs
of the samples was determined by weighing and measuring the
dimensions of 10 block samples of 100  100  100 mm. In order
to obtain a high reproducibility during the measurement of the
dimensions, the contact pressure was controlled pneumatically
and a plate of 2  2 cm was used as contact surface. The solid
material density qs was determined in a submersion experiment
and was found to be 1181 kg/m3. The ratio of the length of a cell
to its width is referred to as the shape anisotropy, k.
During the chemical foaming reaction the polyurethane cells
are elongated in the vertical direction. The shape anisotropy k of
the cells was characterised by measuring the width and height of
10 single cells, Fig. 2. Each of these cells was manually cut out of
a larger sample, and visualised with a stereomicroscope. Due to
the cell irregularity and the different lengths of the cut edges at
the cell boundaries, the measured width and height depends on
the position of the cell. To overcome the resulting measuring error,
the dimensions of each cell were measured 4 times. In between
each measurement the cell was rotated around the elongated axis
of the cell. The resulting shape anisotropy is shown in Fig. 3. The
average shape anisotropy was found to be 1.41 ± 0.11, which is
in agreement with the values reported Huber and Gibson (1988)
and Gong et al. (2005).
The topology of the foam was characterised by counting the
number of faces per cell and the number of edges per face of the
10 individual cells presented in Fig. 2. The results of these mea-
surements are shown in Fig. 4. These results are compared with
available experimental data in literature and the topology of four
possible ‘idealised’ unit cell geometries.
The distribution of the number of faces per cell of the open cell
foam, investigated in this study, is in agreement with the observa-
tions reported in literature. Cells with 14 faces are the mostFig. 2. Optical microscopy images of the open cell foam. Determination of the cell size o
direction (left). A single polyurethane cell which was used to determine the shape anis
(right).widespread in real cellular materials. The Kelvin cell, Weaire–Phe-
lan cell and P42a cell obey to this observation. The former unit cell
is composed of one single geometry while the latter two unit cells
combine two or four different geometries into one unit cell. This
increases the complexity of the unit cells and improves the similar-
ity to real foams.
The experimentally observed distribution of cell face types is
conﬁrmed in literature and indicates that most cell faces (approx-
imately 60%), possess ﬁve edges per face. The abundance of pentag-
onal faces might suggest the use of a pentagonal dodecahedron as
unit cell to model a cellular material. In contrast to the other three
unit cells, a pentagonal dodecahedron does not pack to ﬁll space,
and therefore it is not appropriate to model a foam based on this
unit cell. Moreover the pentagonal dodecahedron possesses 12
faces, while an average of 14 cell faces is observed in real foams.
The average number of edges per face for a Kelvin cell is 5.14
although this unit cell does not possess a single pentagonal face.
This drawback is met by the Weaire–Phelan cell which has pentag-
onal and hexagonal faces. Furthermore, Fig. 4, clearly shows that
the P42a unit cell is the unit cell that represents a real foam struc-
ture the best. Because the P42a unit cell consists out of 4 different
geometries, and is more complex than the Weaire–Phelan unit cell,
the FE-modelling in this study will be based on the Weaire–Phelan
unit cell. The Kelvin cell geometry will be used as a reference.f an open cell foam, the measurement is done in the plane perpendicular to the rise
otropy k. The vertical axis in the image is parallel to the rise direction of the foam
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Fig. 4. Foam topology of the open cell polyurethane foam considered within this study compared with experimental data (bars) and four possible unit cell geometries
available in literature (dots).
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edges can be visualised using SEM, Fig. 5. In addition, this image
also shows the nearly straight cell edges and the additional
material in the vertices. Surface Evolver software will be used to
introduce these characteristics to the cell edges of the previously 
Cell edge 
Vertex 
Plateau border 
cross section 
Fig. 5. SEM-micrograph of an open cell polyurethane foam with a relative density
of 2.15%.discussed unit cells. In this way, the unit cells will resemble a real
open cell foam not only by their topology, but also by the material
distribution in the cell edges. Based on this description, a FE-model
of the unit cell was subsequently developed.
3. Minimal surface energy based unit cells
3.1. Surface Evolver
The Surface Evolver software was originally developed to study
surfaces shaped by surface tension and subjected to various con-
straints (Brakke, 1992; 2013). It has been applied in multiple
domains such as the study of grain boundaries, capillary forces
and the shape of molten solder on microcircuits. Within this study
the software was used to generate minimal surface energy struc-
tures of the Kelvin and Weaire–Phelan cell. These unit cells are
available in the software package and can be found under the name
twointor.fe and phelanc.fe respectively.
The Surface Evolver software represents the unit cells by mak-
ing use of the spatial periodicity. Initially the unit cells represent
a closed cell foam in the dry foam limit. By executing the wet-
foam2.cmd command ﬁle, a foam structure is created with triangu-
lar cell edge cross sections. In this way the initial dry foam
Fig. 6. Representation of the Surface evolver data after minimising the surface energy when imported to the FE-software without adjusting the data. Due to the Surface
evolver data format, the Kelvin cell FE-model is not readily constructed (left). After adjusting the surface evolver data through scripting, the FE models of the Kelvin cell with
an anisotropy of 1 (middle) and 1,4 (right) are constructed. In this ﬁgure, both models have a relative density of 2%.
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Fig. 7. FE-model of theWeaire–Phelan unit cell with minimized surface energy. The
unit cell is build out of quadratic tetrahedral elements and has a relative density of
2% and shape anisotropy k of 1. The solid blue lines represent the bounding box, the
dotted red lines indicate the applied periodic boundary conditions. The links
between some of the opposing nodes are shown in only one direction in order to
avoid overloading the ﬁgure. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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sectional area of the cell edges and thus the relative density of
the wet foam was controlled in this study by adjusting the edge
spread parameter S, in the same way as it was done by Mills
(2007a,b). This parameter is deﬁned within Surface Evolver and
indicates the relative size of the cell edges. In this research open
cell foam structures with a relative density from 1% to 7%, were
studied. Investigating higher densities is of no use since the holes
in the square faces of the Kelvin cells are ﬁlled up by the Surface
Evolver at higher spread values. Because of this, a partially closed
cell structure is obtained. Moreover the beam character of the open
cell structure is lost at higher densities, which makes the use of
several analytical models as a reference impossible (Gibson and
Ashby, 1988; Zhu et al., 1997a; Gong et al., 2005).
In the next step a sequence of Surface Evolver commands was
used to minimize the surface energy of the cell edges. This
sequence includes several iteration steps in which nodes are
moved to minimize the surface energy (g) and to reﬁne the initial
triangulation (r). In each iteration step the surface energy, which is
a function of all vertex coordinates, is minimized by means of the
gradient descent method. This method seeks the minimum energy
conﬁguration of the surface by calculating the ﬁrst order gradient
and then moving each vertex in the negative direction. The reﬁne-
ment of the facets is done by putting an additional vertex in the
middle of each edge. In this way each triangular facet is divided
into four smaller facets by the reﬁnement command. The com-
mand line in Surface Evolver was: {g5; r; g5; r; g10} which resulted
in a good approximation to the real foam structure without the
need for excessive large numbers of facets and computer time
and is similar to the one reported by Mills (2007a,b).
3.2. FE analysis
Surface Evolver describes the evolved structure by its facets,
nodes and coordinates. Since Surface Evolver makes use of the spa-
tial periodicity properties, a rearrangement of the exported data by
own developed scripting was needed before a FE-mesh could be
build. This rearrangement comprises the removal of obsolete ele-
ments and nodes, removing the cell faces, constricting the data
to exactly 1 quarter the unit cell, closing the cell edge surfaces
on the outer surface of the unit cell and constructing the complete
unit cell through rotating and mirroring the quarter unit cell. In
order to study the inﬂuence of the shape anisotropy, the foam unit
cell was elongated in one direction by multiplying the coordinates
of one axis with the shape anisotropy factor k.
Gong et al. (2005) have shown that the distribution of the cross
sectional area, normalised with respect to the central cross section
of the cell edge is equal for short and long edges. Because of theselected method to apply the shape anisotropy to the models in
the current research, the cross sectional area distribution along
the cell edges in the FE-models will slightly differ from the afore-
mentioned observation of Gong et al. (2005).
The difference is limited for the investigated shape anisotropy
range from 1 to 2. Moreover, an attempt was made to correct the
distribution of the cell edge cross sectional area by applying a sur-
face energy minimisation step after the elongation of the cells.
However, this step redistributes the material along the cell edges
in a way that the elongation effect is counteracted. Because of this
no increase of the stiffness in the elongated direction was seen
afterwards. Since this does not comply with experimental observa-
tions, the surface energy minimisation after the elongation of the
cells was left out of the ﬁnal modelling sequence. The different
steps are shown in Fig. 6 for the case of the Kelvin cell architecture.
Analogue steps were performed for the Weaire–Phelan structure.
The FE-models generated through the scripting procedure
consist of linear 2D-shell elements. In order to perform a stiffness
analysis on the open cell foams, each 2D-shell model was con-
verted to an FE-model with quadratic tetrahedral elements by
using the ‘‘solid from shell mesh’’ and ‘‘modify order’’ function
Fig. 8. Schematic representation of the extended size effects model developed by Onck et al. (2001). Each sample is divided in different zones with a local stiffness depending
on the local boundary conditions. The right image is the cross section indicated by the dotted line in the left image. The contribution of all the different zones is summed up by
making use of the appropriate parallel and series connection formulae (see Appendix A).
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Weaire–Phelan unit cell is shown Fig. 7.
Periodic boundary conditions were applied by coupling the
displacement degrees of freedom of the opposing nodes on the
boundary surfaces of the unit cells. In order to apply these0
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Fig. 10. Modulus E⁄ as a function of relative density. FE-results of the Kelvin and
Weaire–Phelan cell are compared against available analytical models in literature.
The shape anisotropy of the foams is 1 and the solid material properties are
Es = 69 MPa and ts = 0.4. The Gibson and Ashby (1988) and Zhu et al. (1997a)
models almost coincide.boundary conditions, a couple of nodes on the opposing faces of
the bounding box were chosen as reference points (e.g. A1, A2).
The following relationship for the displacement degrees of freedom
are prescribed for points on each pair of nodes on the opposing
faces of the bounding box:
ui1  ui2 ¼ urefi ; i ¼ 1;2;3 ð2Þ
All loading conditions are applied by displacement constraints. One
axial and one shear deformation loading condition was calculated
for the unit cells with a shape anisotropy of 1. In combination with
the cubic symmetry of the unit cells, these two simulations are suf-
ﬁcient to obtain the complete stiffness tensor of the structure. As a
veriﬁcation, one unit cell was calculated for three axial and three
shear loading conditions. The average spread on the Young’s modu-
lus and Poisson ratio is only 0.16% with a maximum of 0.19%. This
difference lies within the calculation uncertainty and is acceptable.
Moreover the small differences in engineering constants according
to the three axis’s, indicate the symmetric mechanical behaviour
of the Kelvin cell and Weaire–Phelan structure with respect to the
selected coordinate system.
3.3. Solid material properties
A polyurethane polymer consists out of hard polyurea–ure-
thane domains and soft/rubbery polyether or polyester domains.
The ratio in which both phases are present in the material has a
large inﬂuence on the solid material properties (Abouzahr et al.
1982; Randall and Lee, 2002; van der Heide et al., 1999). This ratio
is partially determined by the presence of water as it is responsible
for the formation of the urea groups. During the chemical reaction
between water and two isocyanate groups an equivalent amount
of CO2 gas is produced simultaneously with the urea groups. This
CO2 gas causes the foaming reaction in the polyurethane. Therefore
the solid material properties are inherently linked to the cellular
character of the material and should thus be determined in situ.
This was done in the study Gong et al. (2005) by performing
tensile tests on the cell edges of a PU-foam cell. They observed a
rubberlike material behaviour that exhibits the Mullin’s effect
(Diani et al., 2009) during the ﬁrst cycle. This effect causes the ﬁrst
loading–unloading cycle to deviate signiﬁcantly from the subse-
quent cycles.
Although the results of these tensile experiments are rather
qualitative, the reported Young’s modulus value of 69 MPa still
remains a valuable estimate. Because the open cell foam tested
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Gong et al. (2005), the stiffness value of 69 MPa was also used in
this study. Since the stiffness in the elastic regime of a cellular
structure is linearly dependent on the solid material stiffness, the
resulting stiffness values can easily be adapted in the case a
different polyurethane, and thus solid material stiffness, would
be applied.
Since the solid polyurethane material can be considered as an
elastomer the Poisson coefﬁcient of the solid material, ts is close
to 0.5. In literature, values in the range of 0.4 to 0.5 are reported
(Gong et al., 2005; Mills, 2007a,b; Zhu et al., 1997b). In order to
obtain stable FE-calculations a value of 0.4 was used in this study.
Moreover the exact value of ts does not have a large inﬂuence on
the overall foam stiffness (Mills, 2007a,b).4. Experimental compression tests
Compression tests in the rise direction were performed on both
types of the open cell foam considered in this study. The tests were
conducted on an Instron 5567 equipped with a 2 kN load cell and
two rigid steel plates between which the foam samples were
placed. All compression samples had a square base and a height
to width ratio of 2/3. In order to take the sample size effect into
account, samples with a height of 20, 30, 45, 60 and 90 mm were
prepared. The inﬂuence of the preparation method was determined
by preparing each sample twice: once cut with a ribbon saw and
once cut with a band knife. The difference between both lies in
the roughness of the cutting tools. The band knife is expected to
produce a more smooth cut compared to ribbon saw.
The compression tests were performed in the rise direction
of the foam at a constant crosshead displacement rate of 2.5mm/min
for each 25.4 mm of specimen thickness. In addition to the ASTM
standard (ASTM D1621 04a, 2004), the stiffness of the foams was
deﬁned as the slope of the tangent in the linear elastic zone of
the stress–strain curve. Each compression test was repeated 10
times and all the experimental results were statistically analysed
with a p-value for signiﬁcant difference equal to 0.05.
The size effects model developed by Onck et al. (2001) and
applied by Andrews et al. (2001) was used to account for the sam-
ple size effect which occurs when testing ﬂexible cellular materi-
als. This model is based on the less constrained boundary
conditions on the outer edges of the samples. The cell edges near
the free sample surface are less constrained than in the bulk,
because neighbouring cells have become less stable due to the cut-
ting operation. Moreover the cut edges at the surface layer are able
to move freely.
The model of Onck et al. (2001) divides a sample in different
zones and appoints to each zone a local stiffness, Fig. 8. This local
stiffness is expressed as a function of the stiffness of the core of
the sample Eeff, the cell size d and factor m (0 <m < 1). This factor
m (see Fig. 8, right) expresses the relation between the local stiff-
ness and the effective stiffness Eeff of the foam. The exponent of
m depends on the number of sides with less constrained boundary
conditions of each zone. The values of n and p indicate the width of
the zones with lower stiffness. In this way, the width of the stress
free surface layer of the sample is indicated by the value of p mul-
tiplied by the cell size d.
The contribution of each zone is summed up by multiplying the
local stiffness with the volume of each zone and applying the
appropriate parallel and series connection formulae. The zones A
& B on the left of Fig. 8 are connected in series, while the different
zones within A & B are connected in parallel. The resulting formula
(see Appendix A) was ﬁtted to the experimental data with the
values of n and m ﬁxed at 0.8 and 0.9 for both foam types. In this
way the ﬁtting procedure searched the optimum value for p.Conﬁning the ﬁtting procedure to a single parameter was done to
facilitate the comparison between both foam types and prepara-
tion methods. Parameter p was selected as variable in order to
investigate the width of the zero-stiffness layer because the type
of cutting tool is expected to have a larger inﬂuence on the value
of p compared to the value of n.
The results of the compression tests on the open cell foams indi-
cate a dependency of the measured foam stiffness on sample size
and sample preparation method, Fig. 9. The ﬁtting of the sample
size model indicates a p-value of 0.5 for both foam types prepared
with a band knife, meaning that the damaged layer has a thickness
of half the cell size of the foam. The p-value for the samples pre-
pared using a ribbon saw was 1 and 0.75 for respectively the small
and large cell foam. These values indicate that the ribbon saw dam-
ages the foam samples more severely than the band knife and are
in agreement with the suggestions of Mills (2007a,b). Comparing
the p-value of 0.75 against the value of 1 for the small cell foam
prepared using a ribbon saw, suggests that larger cells are less
prone to the damage introduced by the saw. This can be explained
by the higher deformability of the surface layer due to the longer
cell edges of the foam cells.
The stiffness of the samples increases up to a plateau value with
increasing sample size. This plateau value is reached at a sample
size of approximately 50 times the cell size for the small cell foams.
This exceeds the suggested minimum sample size of 5–8 times the
cell size in the work of Andrews et al. (2001). This value was
however derived from compression tests on open and closed cell
aluminium foams with a relative density of 8%. The different base
material with a signiﬁcantly higher stiffness and higher density of
the aluminium foam is believed to account for the smaller
minimum sample sizes. Mills (2007a,b) proposed a minimum sam-
ple size of at least 20 times the cell size, but no further speciﬁca-
tions are mentioned.
Within the selected range of sample size, the plateau value was
not fully reached for the large cell foams. Furthermore the prepara-
tion of very large samples is hindered by the need for perfectly par-
allel faces. When this requirement is not met by the top and
bottom face of the samples, the stress strain curve will possess
an initial non-linear part in which the stress increases gradually
up to the linear part of the curve. This behaviour is known as the
‘toe’ of the stress–strain curve and complicates the stiffness
analysis.
The extended sample size model is capable of capturing the
occurring effects and reveals a foam stiffness of 0.18 MPa regard-
less of the cell size. The small difference in stiffness between large
and small cells can be explained by the small difference in density
and cell shape anisotropy. It has been shown in literature that the
shape anisotropy increases with cell size (Huber and Gibson, 1988;
Gong et al., 2005). Moreover, hypothesis testing indicated this
stiffness difference to be insigniﬁcant.5. Results and discussion
The predicted modulus E⁄ of the Kelvin and Weaire–Phelan cell
FE-models with a shape anisotropy of 1 is shown in Fig. 10. Both
FE-models predict a near identical dependency of the modulus
on the density of the foam. The models developed by Gibson and
Ashby (1988) and Zhu et al. (1997a) predict a lower stiffness. These
models interpret the cell edges as beams and do not take the
geometrical details like the additional material in the vertices or
the variable cross section of the cell edges into account. Since these
models focus on the bending of the cell edges, they predict a
quadratic relationship between density and foam stiffness (n = 2
in Eq. (1)). When the geometrical details and shear deformations
are taken into account (Gong et al., 2005), the predicted stiffness
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Fig. 11. Shear modulus as a function of relative density. FE-results of the Kelvin and
Weaire–Phelan cell are compared against available analytical models in literature.
The shape anisotropy of the foams is 1 and the solid material properties are
Es = 69 MPa and ts = 0.4.
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Fig. 12. Poisson coefﬁcient as a function of relative density. FE-results of the Kelvin
and Weaire–Phelan cell are compared against available analytical models in
literature. The shape anisotropy of the foams is 1 and the solid material properties
are Es = 69 MPa and ts = 0.4.
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Zhu et al. (1997a). Nevertheless the FE-models in which the geo-
metrical details are completely determined by the minimised sur-
face energy possess the highest modulus E⁄.
The proportionality constant C in the power law model (Eq. (1))
has been assumed to be 1 (Gibson and Ashby). In the paper of Mills
(2007a,b) this constant C is referred to as the normalised Young’s
modulus E⁄. Afterwards C = 1 was conﬁrmed by Warren and
Kraynik (1997) and Zhu et al. (1997a). This was however con-
tradicted by Mills (2007a,b) who found a value for C in the range
of 2.1 to 2.2 and by Gong et al. (2005), who found a value of
2.07. In the present study the values of C lie in the range of 2.0
to 2.2 for the Kelvin cell model and 2.3 to 2.4 in the case of the
Weaire Phelan model. These values are in excellent agreement
with the results of the latter two studies. They also show the stiff-
ening effect of the geometrical details compared to the beam mod-
els with uniform cell edge cross sections. In the current study, a
preliminary FE-model of a Kelvin cell with circular cross sections
of the edges was developed. This model revealed a C value of 1.1
to 1.3, conﬁrming the former hypothesis. Moreover the Weaire–
Phelan cell model possesses slightly higher values of C compared
to the Kelvin cell model. This complies with the conclusions of
Jang et al. (2008), who stated random foam structures to possess
a higher stiffness than ordered foams. The lower regularity of the
Weaire–Phelan causes the higher stiffness compared to the
perfectly ordered Kelvin cell model. It should however be noted
that the Weaire–Phelan structure cannot be considered to be a
random foam structure.
The FE-model of the Weaire–Phelan cell predicts a higher shear
modulus than the Kelvin cell model and nearly coincides with the
model of Gong et al., Fig. 11. The models with the lowest degree of
geometrical detail deﬁne again the lower bound of the shear prop-
erties. The difference between the Kelvin cell FE-model and the
beam model of Gong et al. (2005) can be attributed to small geo-
metrical differences as the former is based on a surface energy
minimization and the latter is based on experimental measure-
ments. The completely different and les regular structure of the
Weaire–Phelan cell is responsible for the higher shear properties
compared to the Kelvin cell results. The near identical results of
the Weaire–Phelan cell with the model of Gong et al. is merely a
coincidence and has no physical meaning since both models are
based on different architectures, namely a Kelvin cell and
Weaire–Phelan structure. Moreover shear deformation in the cell
edges was not taken into account in the model by Gong et al.
(2005). Excluding this deformation mode, results in an increase
of the stiffness of the cellular structure.The inﬂuence of the density on the Poisson coefﬁcient t⁄ of the
foam is presented in Fig. 12. Both FE-models within this study pre-
dict an identical decrease of the Poisson coefﬁcient with increasing
density. The decrease of t⁄ with increasing density is larger com-
pared to the beam models of Zhu et al. (1997) and Gong et al.
(2005). In comparison to the different models, the constant t⁄
value of 0.33 proposed by Gibson and Ashby seems to be an over-
simpliﬁcation. It should also be noted that the spread on the exper-
imental data, on which the t⁄ average value of 0.33 is based, is
large in the density region up to 10% (Gibson and Ashby, 1988).
The inﬂuence of the shape anisotropy of the FE-models on the
material constants is given in Figs. 13-15. The results are norma-
lised against the values obtained for a unit cell with anisotropy
k = 1. Subscript ‘1’ corresponds to direction in which the cells are
elongated, while subscripts ‘2’ and ‘3’ indicates the transverse
directions.
The modulus E1 of both FE-models increases with increasing
shape anisotropy while the stiffness in the transverse directions
decreases. This decrease is nearly identical for the Kelvin and
Weaire–Phelan FE-model and is slightly overestimated by the
model proposed by Huber and Gibson (1988). This model is based
on an elongated cubical unit cell in which no geometrical details of
real foams are taken into account. The increase in E1 of the Weaire–
Phelan cell is larger compared to the Kelvin cell FE-model. This dif-
ference is attributed to differences in the structure of both unit
cells. In contrast to the Kelvin cell, the Weaire–Phelan unit cell pos-
sesses multiple cell edges with an orientation parallel or nearly
parallel to the elongated direction which are responsible for the
high mechanical properties in this direction. In contrast, the Kelvin
cell possesses no edges parallel or nearly parallel to the elongated
direction. The model of Huber and Gibson (1988) underestimates
this increase. The obtained values for the Kelvin cell based models
are however in good agreement with the results of Jang et al.
(2008). The small differences are attributed to differences in the
material distribution along the cell edges caused by the afﬁne
transformation of the nodes to elongate the unit cells in the current
study.
The shear modulus of the Weaire–Phelan cell FE-model is less
sensitive to the shape anisotropy than the Kelvin cell model. It
should however be noted that in absolute values, the Weaire–
Phelan structure has a higher shear modulus (32% higher for a
relative density of 2%).
In summary, it can be concluded that the larger diversity of cell
edge orientations in the Weaire–Phelan structure leads to higher
shear properties and a larger dependency of the Young’s modulus
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structure is however less sensitive to an increase of the shape
anisotropy.
The inﬂuence of the shape anisotropy on the Poisson coefﬁcient
is comparable for both FE-models. The small differences between
the Kelvin and Weaire–Phelan cell FE-models can again be attrib-
uted to the different architecture of the unit cells.
A quantitative validation of the FE-models is obstructed by the
absence of an quantitative value of the solid material modulus Es.
Up to now, a solid material stiffness of 69 MPa, presented byGong et al. (2005) was used in the present study. Based on this
value and taking the relative density and shape anisotropy into
account, the developed models underestimate the experimental
modulus of 0.18 MPa by 19% to 40% in the case of respectively
the Weaire–Phelan and Kelvin cell based models.
It is clear that there is a need for more reliable measuring meth-
ods to determine the solid material stiffness of PU-foams in a quan-
titative way. This was attempted in the current research by means
of instrumented indentation testing and reverse engineering of
RVE and X-ray CT based FE models (Buffel et al., to be published).
The solid material stiffness of the polyurethane out of which the
open cell foam is made was found to be situated between 90 and
150 MPa.
When stiffness values within this range are implemented in the
current FE-models, the difference between the experimentally
determined foam stiffness and the calculated values can signiﬁ-
cantly be reduced. Obtaining a single quantitative value for Es
remains however a challenge. Taking the uncertainty on Es and
the simpliﬁcations of the cellular structure of the representative
volume elements compared to real random foam structure into
account, the developed FE-models are considered to possess
sufﬁcient engineering accuracy.6. Conclusions
This paper discusses the elastic properties of an open cell
polyurethane foam, based on experimental compression tests and
FE-modelling work. The characteristics of the open cell foam
structure were determined using optical and scanning electron
microscopy. These techniques allow a quantitative determination
of the cell size and the cell shape anisotropy. Moreover the typical
Plateau border shape of the cross section of the straight cell edges
could be visualised. Furthermore, the variation of the cross
sectional area along the length of the cell edges and the additional
volume in the vertices could also be observed.
These geometrical details were successfully incorporated into
the FE-models by applying a surface energy minimization step
with the Surface Evolver software. The Weaire–Phelan structure
was proposed as unit cell to represent the open cell foam. This
structure ﬁlls space completely and possesses a surface energy
lower than the Kelvin cell. In contrast to the Kelvin cell, most cell
faces of the Weaire–Phelan cell are pentagons, which are also
abundant in real foam structures. In addition, the Weaire–Phelan
cell is built out of 2 different geometries and possesses a higher
degree of randomness than the Kelvin cell (although the Weaire–
Phelan structure should not be considered as a random foam struc-
ture). The required computational power or time is acceptable for
both the Kelvin cell and Weaire–Phelan based models.
Experimental compression tests on the open cell polyurethane
foam indicate the need for a carefull sample preparation and test
execution. By taking the pronounced sample size effect into
account a minimal sample size of at least 50 times the cell size
was determined. Moreover, care should be taken to have the top
and bottom surface of the sample as parallel as possible.
Using FE-modelling, the Weaire–Phelan unit cell was compared
against the Kelvin cell and multiple analytical models from litera-
ture (Gibson and Ashby, 1988; Huber and Gibson, 1988; Zhu et al.,
1997a; Gong et al., 2005). The overall correspondence and mutual
positioning of the different models is good and lies within the
expected range. The modulus E⁄ and Poisson coefﬁcient t⁄ of the
Weaire–Phelan is almost identically dependent on the foam den-
sity as the Kelvin cell. However, the different cellular architecture
of the Weaire–Phelan cell results in a higher shear modulus G⁄ and
a different sensitivity to the shape anisotropy compared to the
Kelvin cell. Although the Weaire–Phelan structure represents the
3470 B. Buffel et al. / International Journal of Solids and Structures 51 (2014) 3461–3470real foam microstructure in a better way, both the Kelvin cell and
Weaire–Phelan structures are valid candidates to predict the
mechanical response of open cell polyurethane foams.
The most important future challenge is the in situ determina-
tion of the solid material stiffness of the polyurethane out of which
the open cell foam is made. The lack of quantitative data hinders an
absolute validation of the FE-models.
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Appendix A
Details on the initial sample size effects model can be found in
the study of Onck et al. (2001). This sample size effects model was
extended in the current study by dividing the total sample volume
in three zones, indicated by A and B in Fig. 8. This extension results
in the following equations:
Zone A
EA
Ebulk
VA ¼ 8m3n3d3 þ 8m2n2d2ðb 2nd  2pdÞ
þ 2mnd2ðb 2nd  2pdÞ2 ðA:1Þ
Zone B
EA
Ebulk
VB ¼ 4m2n2d
2 ðh 2nd  2pdÞ
þ 4mndðb 2nd  2pdÞðh 2nd  2pdÞ
þ ðb 2nd  2pdÞ2ðh 2nd  2pdÞ ðA:2Þ
Combining the contribution of both zones:
Vtot
E
¼ 2VA
EA
þ VB
EB
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